We investigate the Landau-Zener-Stückelberg-Majorana interferometry of a superconducting qubit in a semi-infinite transmission line terminated by a mirror. The transmon-type qubit is at the node of the resonant electromagnetic (EM) field, "hiding" from the EM field. "Mirror, mirror" briefly describes this system, because the qubit acts as another mirror. We modulate the resonant frequency of the qubit by applying a sinusoidal flux pump. We probe the spectroscopy by measuring the reflection coefficient of a weak probe in the system. Remarkable interference patterns emerge in the spectrum, which can be interpreted as multi-photon resonances in the dressed qubit. Our calculations agree well with the experiments.
I. INTRODUCTION
In recent years, superconducting artificial atoms 1 coupled to open transmission-line waveguide have been a fast growing field, called waveguide Quantum Electrodynamics (w-QED), which provides a unique platform to investigate atom-light interaction. The uniqueness of w-QED, as compared to conventional cavity QED, is that atoms are coupled to continuum modes of the electromagnetic (EM) field in the waveguide. Exciting problems in w-QED include: resonance fluorescence of an artificial atom 2 , photon-mediated interactions between distant artificial atoms 3 , atom in front of a mirror 4 , time dynamics in atom-like mirrors 5 , photon routing 6 , generation of non-classical microwaves 7 , cross-Kerr effect 8 , amplification without population inversion 9 , collective Lamb shift between two distant artificial atoms 10 , ultra strong coupling 11 , quantum rifling 12 , probabilistic motional averaging 13 .
When a two-level system is driven back and forth around its resonance frequency, it will produce Landau-Zener-Stückelberg-Majorana (LZSM) interference. LZSM interferometry [14] [15] [16] has been studied in atomic systems 17 , quantum dots 18 , charge and spin qubits 19, 20 and superconducting qubit in cavity [21] [22] [23] [24] , among others. However, the effect of LZSM has not been explored with a single artificial atom in front of a mirror, where the artificial atom is coupled to a continuum of modes of the EM field in the transmission-line waveguide, and the atom interferes with its mirror image, as in Refs. [4, 25] .
LZSM interferometry is important for both system de-scription and control 26 . However, for this to be realized, one needs to have the avoided energy-level crossing in the spectrum as a function of a controlling parameter. One example of systems without this are transmon-type superconducting qubits, where the energy levels are almost independent of the bias voltage. The way to cure this was studied in Ref. [27] , which studied the qubit by chirping the microwave frequency, which results in dressed states with avoided-level crossing. In this work, we study a transmon qubit driven by two fields (see also Ref. [28] ). One of these dresses the qubit and creates the spectrum with the avoided-level crossing, while the other one makes the system periodically pass around the avoided-level point. This allows to study LZSM interferometry in a qubit placed in front of a mirror. "Mirror, mirror" briefly describes this system, because the qubit acts as another mirror.
II. SUPERCONDUCTING QUBIT IN FRONT OF A MIRROR
In this work, we investigate the LZSM interferometry of a superconducting qubit in a semi-infinite transmission line, at a distance terminated by a mirror. In particular, the qubit is located at the node of the resonant EM field, where it is hiding from the EM field. We then modulate the resonant frequency of the qubit by applying a sinusoidal wave through an on-chip flux pump. In addition, the coupling between the EM field and qubit is also being modulated. We then probe the spectroscopy of the system by applying a weak probe field along the arXiv:2003.00322v1 [cond-mat.mes-hall] 29 Feb 2020 Figure 1 : The experimental setup and device (a) A conceptual sketch of the device showing the electromagnetic mode (red curve) in the transmission line. The qubit is located at the node of the resonant mode of the EM field, hiding from the EM field. The qubit is subjected to a sinusoidal drive along the transmission line with frequency ωp, and a flux pump ωpump. (b) A photo of the device. The qubit (shown in the zoom-in on the left; the two long bright parts form the qubit capacitance and the gap in the middle between them is bridged by two Josephson junctions forming a SQUID loop) is placed L 33 mm from another qubit, which sits at the end of the transmission line (i.e., at the mirror). Note that the qubit at the end of the transmission line is not in use in this work, because it is far detuned. The characteristic impedance of the transmission line is Z0
50 Ω. By tuning the qubit transition frequency ω10(Φ), we tune the qubit to the node of the EM field. (c) A sketch of the setup for the experiment. The qubit frequency can be tuned by a global magnetic field from a superconducting coil controlled by V . For measurements, a coherent signal at frequency ωp is generated by a vector network analyzer (VNA) at room temperature and fed through attenuators (red squares) to the sample, which sits in a cryostat cooled at 20 mK to avoid thermal fluctuations affecting the experiment. The reflected signal passes a bandpass filter (BPF) and amplifiers, and is then measured with the VNA. Here ωpump is the flux pump to modulate the transition frequency of the qubit. transmission line and measure the reflection coefficient. Interesting interference patterns emerge in the spectrum, which can be explained by multi-photon resonances in the dressed qubit. New features appear, as compared to conventional LZSM interference; for example, now the zero-order Rabi sideband vanishes (see also Ref. [29] ). Figure 1 shows (a) a sketch of the device, (b) the image of the device, and (c) the measurement setup. A transmon qubit [30] [31] [32] is embedded in a semi-1D transmission line with characteristic impedance Z 0 50 Ω, with the ground (excited) state |0 (|1 ). The |0 ↔ |1 transition energy is ω 10 
which is determined by the single-electron charging energy E C = e 2 /2C Σ , where C Σ is the total capacitance of the qubit, and the flux-dependent Josephson energy E J (Φ) = E J,max |cos(πΦ/Φ 0 )|; Φ 0 = h/2e is the magnetic flux quantum. The E C determines the anharmonicity of the qubit.
In Fig. 1(c) , a probe field of frequency ω p is fed into the transmission line. The pump field of frequency ω pump is applied to the on-chip flux line, sinusoidally modulating the transition frequency of the qubit. The key parameters are summarized in Table I .
III. THEORETICAL DESCRIPTION
Let us now consider the qubit Hamiltonian, with details presented in Appendix A. Thanks to the mirror, the transmission-line voltage at the point of coupling the qubit, x = L, is proportional to cos (ω p L/ v). When this factor is zero, this gives the node frequency ω node , with cos (ω node L/v) = 0. For small offset, ∆ω = ω p − ω node ω p , instead of cos (ω p L/v), we have ∆ω/ω node , which shows that at ∆ω = 0 the qubit is "hidden" or "decou- Fig. 3c and Fig. 4c , respectively. The details of the flux dependence can be seen in Ref. [10] . Inset shows the calculated qubit upper-level occupation probability P1 as a function of the probe frequency ωp and the qubit frequency ω01 (both in GHz·2π), where ω10 ∝ V .
pled" from the transmission line. So, we have the Hamiltonian
of which the diagonal part is the energy-level modulation
and the off-diagonal part describes the coupling to the probe signal
Importantly, here the coupling constant G is proportional to the frequency offset ∆ω,
and G 0 is proportional to the probe signal amplitude. The observable value is the reflection coefficient r, namely its deviation from 1. The impact of the qubit is in suppressing r. Thus, following Refs. [21, 22, 26] , we associate the reflection coefficient to the qubit upper-level occupation probability P 1 . From the stationary solution of the Bloch equations, for this value we have (see e.g. Refs. [19, 33] ):
where the renormalized driving amplitude G k = GJ k (δ/ω pump ) follows the oscillating Bessel function J k of the first kind; Γ 1 and Γ 2 = Γ 1 /2+Γ φ are the relaxation and decoherence rates with the pure dephasing rate Γ φ being much smaller than Γ 1 . With this formula, Eq. (5), we plot theoretical graphs in Figs. 2, 3 , and 4. For this we use G 0 = 0.1 GHz·2π,
IV. MEASUREMENTS
We first perform single-tone spectroscopy of the qubitmirror system. In Fig. 2 , the resonant frequency of the qubit is tuned by voltage. As the voltage increases, the linewidth of the qubit decreases from a finite linewidth to zero, and then increases back to a finite linewidth. At the frequency where the linewidth vanishes, around ω 10 = ω node 4.75 GHz·2π, the qubit is located at the node of the EM field, as indicated by the vertical dashed line, where it is hiding from the EM field.
By using two-tone spectroscopy 10 , we know that E C /h 324 MHz. For ω 10 /2π = 4.75 GHz, the corresponding Josephson energy is E J /h 9.9 GHz.
After the basic characterization of the system, we want to study the spectrum as a function of the following parameters: qubit frequency ω 10 , pump amplitude δ, pump frequency ω pump , and probe frequency ω p . For spectroscopy, we always use a weak probe amplitude in experiments.
To start with, we set the qubit frequency corresponding to the node as a working point, where ω 10 = ω node . We then apply a sinusoidal flux pump at a fixed power to the qubit, and sweep the pump frequency from 1 MHz to 100 MHz. At the same time, we probe the spectroscopy of the system using a weak field ω p near the qubit frequency. We show the amplitude reflection coefficient |r| in Fig. 3(a,b) as a function of ω pump and ω p in (a) for P pump = −45 dBm, in (b) for P pump = −38 dBm. We observed LZSM interference fringes. These interference fringes can be interpreted as multi-photon resonances in the dressed qubit. Multi-photon resonances appear at ω p = ω 10 ± k ω pump , where k is the order, as indicated in the figures. The zero order, where k = 0, is missing, which is a key feature here, different from conventional LZSM interference fringes. In Fig. 3(b) , we can clearly see the order k up to ±4. We increase the pump power in Fig. 3 from −45 dBm in (a) to −38 dBm in (b), and the gap between negative k and positive k fringes becomes wider. Indeed, the stronger the pump power, the wider they separate (data not shown). The power in Fig. 3 (a and (b) differs by 7 dB, meaning that their pump amplitude δ, differ by a factor of 2.2. This is also what happens in the theory calculation plots. In this sense, this separation can be used to calibrate the pump power. In Fig. 3(c) , we bias the qubit at around 4.58 GHz, red detuned from the node, and we then see asymmetric interference fringes. At this bias point, when the qubit is pumped in the negative part of the sinusoidal, the qubit is pumped toward the larger linewidth regime, see Fig. 2 . However, when the qubit is pumped in the positive part of the sinusoidal, the qubit is pumped towards the zerolinewidth regime; therefore, we can see that the interference fringes vanish near ω node . In addition, as compared to (a) and (b), the k = 0, zero Rabi sideband appears in (c).
Next, we keep the pump frequency ω pump constant. We change the power of the pump P pump from −70 dBm to −30 dBm, and probe the system with a weak field near the resonance frequency of the qubit. In Fig. 4 , we show in (a) and (b) ω pump /2π = 10 MHz and 100 MHz for the qubit frequency at node ω node , and ω pump /2π = 10 MHz for the qubit frequency red detuned from ω node in (c). These plots show the amplitude reflection coefficient |r| as a function of the probe frequency ω p and the pump power P pump . In Fig. 4(a,b) , when the flux pump is weak (this corresponds to a small change of the qubit resonance frequency) there are no interference fringes in the interference pattern, as indicated in (a) and (b). This can be explained using Fig. 2 , where the "node regime" corresponds to 4.7 GHz to 4.8 GHz, and there is no response for a weak flux pump. When the pump power increases, this corresponds to larger changes of the resonance frequency, we see the Rabi-splitting-like behavior in (a). In (b), Rabi sidebands at k = −2, −1, +1, +2 In (a,c), we observe Rabi-like splittings as the pump power increases. In (a), we see a symmetric splitting, whereas in (c) there are several asymmetric splittings. In (c), as the fringes approach ω node , they become weaker. In (d-f) we show the respective calculated qubit upper-level occupation probabilities P1.
appear. These match the condition ∆ω = k ω pump . The higher the pump power, the more resolved the sideband k becomes. In Fig. 4(c) , when we bias the qubit frequency away from ω node , the interference fringes become weaker as the probe frequency approaches the node frequency at 4.75 GHz.
V. CONCLUSIONS
In conclusion, we investigate the LZSM interferometry of a superconducting qubit in a semi-infinite transmission line terminated by a mirror. When the qubit frequency is set to the node of the EM field, after flux pumping the qubit frequency, remarkable interference patterns emerge, which can be interpreted as multi-photon resonances in the dressed qubit. We see multi-photon reso-nances up to 4th order. The zero-order photon resonance disappears. One of the advantages of this atom-mirror arrangement is that we can effectively manipulate the absorption properties of the two-level atom, providing a novel way to manipulate the quantum states. The transmission line is described by the voltage V (x, t) and current I(x, t):
with
where k = ω p /v. Thanks to the mirror at x = 0, we have I(0) = 0, V − = V + , and V (x) = 2V + cos (kx) for x ∈ (0, L). The transmon is described by the number of Cooper pairs on it n , with the number operator given by the Pauli matrix 34
(A4)
If we take here ω 10 ≈ √ 8E C E J , we have
Then, writing down the charges of the respective capacitor plates, we obtain the island voltage 35
where C Σ = C J + C B + C c . With this we can write the Hamiltonian of the transmon qubit coupled to the transmission line, which can be rewritten (omitting cnumbers) as follows
For a small frequency offset, ∆ω = ω p − ω node ω p , we have
with cos (ω node L/v) = 0. Then the Hamiltonian (A7) describes the off-diagonal part of the transmon Hamiltonian (1) with
This is written in the main text as Eq. (3). Consider next the diagonal part of the transmon Hamiltonian given by the energy-level splitting
The flux contains the dc and ac components, Φ = Φ dc + Φ ac sin (ω pump t). Assuming the latter being a small value, we obtain ω 10 = ω 10 (Φ dc ) + δ (Φ ac ) sin (ω pump t) ,
where δ (Φ ac ) ∝ Φ ac is the driving amplitude. This is written in the main text as Eq. (2).
